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Potato  spindle  tuber  viroid  (PSTVd)  is a small  plant  pathogenic  circular  RNA  that  does  not  encode  proteins,
replicates  autonomously,  and trafﬁcs  systemically  in  infected  plants.  Long-distance  transport  occurs  by
way of the  phloem;  however,  one  report  in  the  literature  describes  the  presence  of  viroid  RNA  in  the  xylem
ring  of potato  tubers.  In this  study,  a modiﬁed  method  based  on an  EDTA-mediated  phloem  exudation
technique  was  applied  for detection  of  PSTVd  in  the phloem  of  infected  tomato  plants.  RT-PCR,  nucleiceywords:
otato spindle tuber viroid
DTA-mediated phloem exudation
uttation ﬂuid
acid  sequencing,  and  Southern  blot  analyses  of RT-PCR  products  veriﬁed  the  presence  of  viroid  RNA  in
phloem  exudates.  In addition,  the  guttation  ﬂuid  collected  from  the  leaves  of PSTVd-infected  tomato
plants  was  analyzed  revealing  the  absence  of viroid  RNA  in the  xylem  sap.  To  our knowledge,  this  is
the  ﬁrst  report  of  PSTVd  RNA detection  in  phloem  exudates  obtained  by  the EDTA-mediated  exudation
technique.
 2014olanum lycopersicum ©
. Introduction
Potato spindle tuber viroid (PSTVd) is the ﬁrst identiﬁed (Diener,
971) and the most studied viroid belonging to the family Pospivi-
oidae. PSTVd is a single-stranded (∼359 nt), non-protein-coding,
ovalently closed circular RNA molecule with a high degree of
econdary structure that can infect horticultural and agricultural
rops, ornamental plants, and weeds and is capable of cross-species
rafﬁcking between a host-plant and parasitic weed (Verhoeven
t al., 2004; Hammond and Owens, 2006; Matousek et al., 2007;
alandraki et al., 2010; Vachev et al., 2010). PSTVd replicates
utonomously in the nucleus of the host plant via an asymmetric
olling circle mechanism in which the infecting circular (+) strand
onomer is transcribed into linear multimeric (−) strands in the
ucleoplasm, which are the template for the synthesis of linear
ultimeric (+) strands. The latter are transported into the nucleolus
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and cleaved into monomers by a host factor with subsequent cir-
cularization (end-to-end ligation), followed by nucleolar and then
nuclear export of a mature viroid RNA. The subsequent cell-to-cell
trafﬁcking of PSTVd occurs through the plasmodesmata and sys-
temic spread takes place through the vascular tissues, speciﬁcally
through the phloem sieve elements (Palukaitis, 1987; Ding et al.,
1997; Zhu et al., 2001, 2002; Hull, 2004; Qi et al., 2004; Flores
et al., 2005; Zhong et al., 2007; Ding, 2009). The same pattern of
long-distance movement is inherent in most plant viruses as well,
with several examples where systemic spread occurs via the xylem
(Fulton et al., 1987; Gergerich and Scott, 1988; Verchot et al., 2001;
Moreno et al., 2004; Esseili et al., 2012).
The importance of phloem as a central conduit for the distribu-
tion of photoassimilates, nutrients, and signals from source to sink
organs has led to the development of several methods of obtaining
phloem sap for further analysis (Dinant et al., 2010), such as stylec-
tomy (Kennedy and Mittler, 1953; Pritchard, 1996; Doering-Saad
et al., 2002;), laser stylectomy (Barlow and McCully, 1972; Kawabe
et al., 1980), radio frequency stylectomy (Unwin, 1978; Girousse
and Bournoville, 1994) and the aphid honeydew technique (Merritt,
Open access under CC BY-NC-SA license.1996). However, not all plant species exude phloem sap through
severed stylets of phloem-feeding insects, and the exudation rate
can be different depending on tissue age; hairy leaves are also
a major obstacle for application of these techniques (Valle et al.,
license.
































































Oligonucleotide primers used for PCR ampliﬁcation.
Primer’s name Nucleotide sequence (5′→3′)
M13  F GTAAAACGACGGCCAGTG
M13  R CAGGAAACAGCTATGACC
POSPI F GGGATCCCCGGGGAAACa6 N. Kovalskaya et al. / Journal of V
998) and the absence of saliva proteins in the severed stylets leads
o clogging by sieve-element proteins (Tjallingii, 2006). Finally,
ome methods require considerable time to collect the amount of
ample required for analysis.
A number of approaches for isolation of phloem components
ased on the spontaneous exudation of phloem sap have been
eveloped. These include fruit cryopuncturing (Pate et al., 1984),
ncision of the stem of the woody plants to the depth of the
ambium that allows the phloem to “bleed” (Gessler et al., 2004;
urgeon and Wolf, 2009; Merchant et al., 2010) or phloem cutting
Bostwick et al., 1992; Balachandran et al., 1997; Owens et al., 2001;
urgeon and Oparka, 2010). The latter method usually is applicable
o several members of the family Cucurbitaceae (cucurbits) such as
umpkin, melon and cucumber. The shortcomings of this approach
re the limited number of plant species that are able to “bleed”
nd drops of cucurbit phloem sap can display heavy gelling after
everal minutes of exudation, probably due to the coagulation of
edox-sensitive proteins (Alosi et al., 1988). In addition, Zhang et al.
2010) showed that the exuding phloem sap of cucurbits is derived
rom extrafascicular phloem and not the vascular (fascicular) con-
ucting phloem and the chemical composition of these two kinds
f phloem was found to be different (Zhang et al., 2010).
The ﬁrst step in attempting to collect relatively large amounts
f phloem exudates was performed by King and Zeevaart (1974)
nd was termed the phloem exudation technique. They examined
he effects of various compounds as well as variation of illuminance,
emperature and time on the process of exudation from the cut ends
f petioles of Chenopodium rubrum, Perilla crispa and Pharbitis nil.
t was found that EDTA, citric acid and -aminoethyl ether greatly
ncreased exudation. In addition, being a chelating agent for di-
nd trivalent metallic ions, EDTA not only promoted the exudation
rocess by chelation of Ca2+ and thus prevented callose synthesis
nd P-protein plugging (Oparka and Santa Cruz, 2000; Dinant et al.,
010) but also deactivated nucleases in the collecting solution that
se the divalent metal ions, primarily Ca2+, Mg2+ and Mn2+, as co-
actors for their activity. As with all methods, this technique has
ertain drawbacks, such as the inability to quantify the content of
he compounds in phloem sap samples due to the unknown amount
f phloem sap released in the collecting solution and/or because
f massive disruption of sieve elements due to cutting of phloem
hat can lead to release of contaminating agents that can impede
urther analysis. In spite of this, the EDTA-mediated exudation tech-
ique has been applied successfully for comparative analysis of the
ualitative amino acid, sugar, lipid, protein and inorganic ion com-
osition of phloem sap (Weibull et al., 1990; Cakmak et al., 1994;
érez-Alfocea et al., 2000; Madey et al., 2002; Gaupels et al., 2008).
omparative studies of the phloem exudation technique and stylec-
omy can be found in reports of Gaupels et al. (2008), Girousse et al.
1991), and Weibull et al. (1990).
Though one report suggests the presence of PSTVd in the xylem
ing of potato tubers (Shamloul et al., 1997), the technical limita-
ions of this study leave the question of the presence of viroids in
he xylem cells open. The main obstacle in sampling xylem sap is
he negative pressure in the xylem of transpiring plants (Schneider
t al., 1997). The known techniques for collection of xylem sap
ircumvent the negative pressure either by reduction of the tran-
pirational suction or by compensation of transpirational suction
ith pressure (Schurr, 1998). The diversity of available methods
or sampling xylem sap and their comparative analysis is discussed
n the review of Schurr (1998).
This study describes a method based on the EDTA-mediated
hloem exudation technique for detection of PSTVd in phloem exu-
ates collected from viroid-infected tomato plants and investigates
he possible presence of PSTVd in xylem sap through guttation ﬂuid
nalysis. It is known that guttation is the natural property of some
ascular plants to exude xylem sap (guttation ﬂuid (GF)) from leafPOSPI R AGCTTCAGTTGTTTCCACCGGGTa
a Verhoeven et al. (2004).
hydathodes that eliminate water directly from the terminal tra-
cheids (tracheary elements of the xylem) of the bundle ends (Esau,
1965).
2. Materials and methods
2.1. Plant material and growth conditions
Tomato plants (Solanum lycopersicum cv. Rutgers) were grown in
a green house at 27 ± 2 ◦C under 14-h/10-h light/dark photoperiod.
2.2. Synthesis of PSTVd transcripts in vitro, and plant inoculation
For production of in vitro transcripts of PSTVd (intermediate
strain (PSTVdInt); Gross et al., 1978), a PCR-product contain-
ing a PSTVd cDNA ﬂanked by hammerhead (5′) and hairpin (3′)
ribozymes was  ampliﬁed from a pUC129 recombinant plasmid
using standard M13  forward and reverse primers (Table 1) as
described by Feldstein et al. (1998). The PCR-product was puri-
ﬁed with the DNA Puriﬁcation System Wizard PCR Preps (Promega,
Madison, WI,  USA) and used as a template for in vitro transcrip-
tion. For preparation of the transcription reaction, 20 l of 5×
T7 buffer (Invitrogen, Carlsbad, CA, USA), 5 l of 10 mM (each)
NTPs, 5 l of 100 mM DTT, 10 l of PCR-product (30 ng/l), 2 l
of RNasin (Promega), 6 l of T7 RNA polymerase (New England
BioLabs, Ipswich, MA,  USA) and 52 l of sterile water were mixed,
divided into 2× 50 l aliquots and incubated for 90 min  at 37 ◦C. Ten
l of PSTVd transcript diluted to a ﬁnal concentration 5 pg/l  with
20 mM sodium phosphate buffer (pH 7.0) were rubbed onto both
carborundum-dusted cotyledons (10 l of inoculum per plant) of
tomato seedlings at the cotyledon stage.
2.3. Collection of phloem exudates
Phloem exudates were collected from the tomato stems using a
modiﬁed EDTA-mediated exudation technique. In particular, stem
tips with 3 apical leaves were excised, then immediately recut
under distilled water, placed in a sterile 2 ml-tube (three stems
per tube) containing 500 l of 20 mM EDTA pH 6.9 or sterile dis-
tilled water (control collecting solution) and incubated in a humid
chamber (hermetically closed plastic box with water) at 27 ◦C for
24 h in the darkness. After incubation, 2 l aliquots of collected
phloem exudates were frozen at −20 ◦C until RT-PCR analysis, and
total nucleic acid was extracted from the remaining exudate using
TRI Reagent (Molecular Research Center, Cincinnati, OH, USA) and
concentrated approximately 20-fold. The resulting samples (before
and after TRI Reagent treatment) were analyzed by RT-PCR. The
TRI Reagent treated samples, after RT-PCR ampliﬁcation, were also
used for Southern blot analysis.
2.4. Collection of guttation ﬂuidGuttation ﬂuid (GF) was collected from the leaves of tomato
plants incubated overnight at 27 ◦C in a greenhouse in hermetically
closed plastic boxes containing water to maintain high humid-
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approximately 200 l for each experimental group per each
lant). Two l of GF were frozen at −20 ◦C for direct RT-PCR
nalysis and the remaining ﬂuid was treated with TRI Reagent
Molecular Research Center) and concentrated in approximately
0 times. The obtained samples (before and after TRI Reagent
reatment) were analyzed by RT-PCR.
.5. RT-PCR for PSTVd detection in plant tissues, phloem
xudates, and guttation ﬂuid
Total cellular RNA was extracted from systemically infected
eaves of tomato plants harvested two weeks after inoculation with
STVd, using TRI Reagent (Molecular Research Center). Approxi-
ately 200 l of phloem exudates and GF collected from the same
lants were treated with TRI Reagent and concentrated approxi-
ately 20-fold. Aliquots (2 l) of each ﬂuid (without TRI Reagent
reatment) were stored frozen at -20 ◦C for direct RT-PCR analysis.
n addition, in case of phloem and xylem sap, before precipitation
f RNA with isopropanol, 2 l (40 g) of glycogen was  added to
ach sample as a carrier. The precipitation in this case was  per-
ormed overnight at +4 ◦C. RT-PCR analysis was carried out using
he Titan One Tube RT-PCR System (Roche Molecular Biochemicals,
hicago, IL, USA) according to the manufacturer’s instructions and
sing primer pair POSPI F/POSPI R (Table 1) at ﬁnal concentration
.4 M (for each primer), annealing temperature of 45 ◦C, and elon-
ation time of 2 min. 35 cycles of ampliﬁcation were performed
n a GeneAmp®System 9700 thermal cycler (Applied Biosystems,
oster City, CA, USA) with AMV  reverse transcriptase for the ﬁrst
trand cDNA synthesis and the Expand High Fidelity enzyme blend
onsisting of Taq DNA polymerase and Tgo DNA polymerase for
mpliﬁcation of cDNA by PCR. The RT-PCR fragments were frac-
ionated on a 1.0% agarose gel. Each RT-PCR analysis was performed
sing four independently prepared RNA extracts from plant tissues,
hloem exudates, or GF.
.6. Dot-blot hybridization
Total cellular RNA was extracted from systemically infected
eaves using AMES buffer (0.5 M sodium acetate, 10 mM MgCl2, 20%
thanol, 3% SDS, 1 M NaCl; Laulhere and Rozier, 1976) and assayed
y dot-blot hybridization using a digoxigenin (DIG)-labeled RNA
robe complementary to PSTVd (Podleckis et al., 1993; Feldstein
t al., 1998).
.7. PSTVd cDNA labeling and determination of labeling efﬁciency
The PCR fragment ampliﬁed from pUC129 (as described in Sec-
ion 2.2) was used as DNA template for DIG-DNA labeling. For PCR
mpliﬁcation, 35 cycles were performed in GeneAmp®System 9700
hermal cycler (Applied Biosystems) with AmpliTaq polymerase
Roche Molecular Biochemicals). The following PCR parameters
ere used: denaturation at 94 ◦C for 30 s (5 min  for the ﬁrst cycle),
nnealing for 45 s at 50 ◦C and extension for 1 min  (7 min  in the
nal cycle) at 72 ◦C. The total volume of the reaction mixture was
00 l. The PCR fragment was fractionated in a 1.0% agarose gel.
o separate DNA from the agarose, the QIAquick Gel Extraction Kit
Qiagen, Valencia, CA, USA) was used.
Labeling of PSTVd cDNA was performed using the DIG High
rime DNA Labeling and Detection Starter Kit I (Roche Molecular
iochemicals) following the manufacturer’s instruction. Speciﬁ-
ally, 16 l of PCR fragment (49 ng/l) was denatured by heating
n a boiling water bath for 10 min, quick chilled in ice, and brieﬂy
entrifuged. Four l of DIG-High Prime labeling mix  were added
o the denatured DNA, mixed and centrifuged brieﬂy, followed by
ncubation for 20 h at 37 ◦C in a water bath. To stop the reaction,
 l of 0.2 M EDTA (pH 8.0) were added to the reaction mixture. Forical Methods 198 (2014) 75–81 77
determination of labeling efﬁciency the direct detection method as
described in the kit was  applied. The concentration of DIG-labeled
PSTVd cDNA was determined as 0.3 pg/l.
2.8. Southern blot analysis of phloem exudates
Concentrated phloem exudates collected from infected plants
and treated with TRI Reagent (Molecular Research Center) were
used as a template to obtain PSTVd cDNA through RT-PCR anal-
ysis using the Titan One Tube RT-PCR System (Roche Molecular
Biochemicals) according manufacturer’s instruction with primer
pair POSPI F/POSPI R (Table 1) at concentration of 20 pmol/l,
annealing temperature 45 ◦C and elongation time of 2 min. For
RT-PCR, 35 cycles were conducted in a GeneAmp®System 9700
thermal cycler (Applied Biosystems) with reverse transcriptase
AMV  for the ﬁrst strand cDNA synthesis and the Expand High
Fidelity enzyme blend consisting of Taq DNA polymerase and
Tgo DNA polymerase for ampliﬁcation of cDNA by PCR. The RT-
PCR fragments were fractionated on a 1.0% agarose gel. The gel
was blotted by capillary transfer with 20× Saline sodium cit-
rate (SSC) buffer onto a positively-charged nylon membrane. To
ﬁx DNA to the membrane, the latter was placed on Gel blot
paper (ISC BioExpress, Kaysville, UT, USA) soaked with 10× SSC
and UV-crosslinked in a UV StratalinkerTM 1800 (Stratagene, La
Jolla, CA, USA). After the UV-crosslinking, the membrane was
used immediately for pre-hybridization according to manufac-
turer’s instruction. The hybridization temperature was calculated
according to the GC content and percent homology of probe to
target using the equation in the kit manual. Hybridization was
performed overnight at 65 ◦C with gentle agitation. After hybridiza-
tion and subsequent stringency washes, immunological detection
of the membrane was  performed with anti-DIG-AP conjugate
(included into the kit) and NBT/BCIP solution (included into the
kit).
All experiments were performed at least in three replications
and demonstrated consistent results.
3. Results
The full-length (+) PSTVdInt RNA transcript was used for inoc-
ulation of cotyledons of tomato seedlings. Symptoms of PSTVd
infection were observed in two weeks after inoculation and
included: stunted growth with a ‘bunchy top’ caused by short-
ened internodes; leaves curling and twisting, with reduction of size.
In ﬁve weeks, necrosis was detected on the bottom leaves of the
infected plants (Fig. 1). The presence of PSTVd in symptomatic plant
tissues was  conﬁrmed by RT-PCR analysis and dot-blot hybridiza-
tion (Fig. 2).
GF developed on the leaﬂets of tomato plants after their incu-
bation for approximately 16 h in the humid chamber. GF  appeared
as drops on the tips and margins of plant leaves (Fig. 3). Interest-
ingly, the amount of GF produced on infected plants appeared to be
approximately ten times less than on healthy plants. RT-PCR anal-
ysis of GF revealed the absence of PSTVd in GF  samples collected
from infected and healthy plants (Fig. 4).
Nucleic acid extracts of phloem exudates collected from the
stems of PSTVd-infected tomato plants were also analyzed by
RT-PCR. The original volume of the collecting solution (500 l)
decreased approximately two-fold during incubation. RT-PCR anal-
ysis showed the presence of viroid RNA in concentrated samples
of phloem exudates treated with TRI Reagent (Fig. 5). There was
no PSTVd RNA at a detectable level in control collecting solution
(distilled water) (data not shown).
To conﬁrm the presence of PSTVd in phloem exudates, South-
ern blot analysis of RT-PCR products was performed. A PSTVd cDNA
78 N. Kovalskaya et al. / Journal of Virological Methods 198 (2014) 75–81

















–Fig. 1. Foliar symptoms of P
ull-length fragment labeled with DIG-11-dUTP was used to probe
 Southern blot of RT-PCR products. The immunodetection method
evealed that the cDNA obtained using RT-PCR of phloem exu-
ates of infected plants with viroid-speciﬁc primers and cDNA of
he PSTVd transcript (positive control) hybridized with the PSTVd
DNA probe (Fig. 6).
Sequence analysis of ampliﬁed RT-PCR fragments conﬁrmed
heir correspondence to the sequence of the respective PSTVd cDNA
egion (data not shown).. Discussion
In this study, a modiﬁed method based on the EDTA-mediated
hloem exudation technique was applied to detect PSTVd in
ig. 2. RT-PCR analysis using primers POSPI F/POSPI R of RNA samples isolated from
he systemically infected leaves (A) (22 dpi). Lanes 1–5: PSTVd-infected leaves; “C”
 control-mock (healthy plant); “+” – positive control (PSTVd transcript); “M”  –
NA marker: Hyper Ladder II (Bioline). (B) Dot-blot hybridization of leaf extract
sing DIG-labeled RNA probe complementary to PSTVd (16 dpi). 1–6: PSTVd infected
eaves (2 l of sample each); “C+” – positive control (PSTVd transcript) (1 l); “C−”
 control-mock (healthy plant) (2 l).
Fig. 3. GF development on healthy tomato plants.
Fig. 4. RT-PCR analysis of GF using primer pair POSPI F/POSPI R (38 dpi). Before
analysis GF was treated by TRI Reagent and concentrated approximately 20-fold.
1–5:  PSTVd infected plants; “C” – control-mock (healthy plant); “+” – positive control
(PSTVd transcript); “M” – DNA marker: Hyper Ladder II (Bioline).
N. Kovalskaya et al. / Journal of Virolog
Fig. 5. RT-PCR analysis of phloem exudates collected by EDTA-mediated exudation









































tollected from infected plants without and with TRI Reagent treatment, respectively;
C” – phloem exudates of healthy plants; “+” – positive control (PSTVd RNA extracted
rom infected leaves); “M”  Hyper Ladder II (Bioline).
hloem exudates collected from the stems of PSTVd-infected
omato plants. To investigate the possible presence of viroid RNA
n xylem cells, GF, which developed on leaﬂets of PSTVd-infected
omato plants, was analyzed. Previously, both the EDTA-mediated
hloem exudation technique and methods for sampling xylem sap
ere applied for a comparative analysis of the qualitative composi-
ion of phloem exudates (Weibull et al., 1990; Cakmak et al., 1994;
érez-Alfocea et al., 2000; Gaupels et al., 2008) or chemical com-
osition and proteome examination of xylem sap (Jeschke et al.,
995; Liang and Zhang, 1997; Seel and Jeschke, 1999; Kehr et al.,
005; Subramanian et al., 2009; Netting et al., 2012). In the present
ork, both of these approaches were used for detection of PSTVd
NA separately in phloem and xylem sap.
To increase the concentration of phloem exudates in the
ollecting solution, the exudation technique was modiﬁed by
ncreasing the number of plant stems used for exudation,
ecreasing the volume of the collecting solution and extending the
ime for phloem sap collection to up to 24 h. According to the liter-
ture, the maximal exudation from the petioles of plant leaves took
lace between 2 and 4 h (King and Zeevaart, 1974), in some cases
n 6 and 8 h (Cakmak et al., 1994), and in 20 h of incubation for exu-
ation from stems (Pérez-Alfocea et al., 2000). Despite the inability
o quantify the exact concentration of viroid RNA in phloem exu-
ates due to the unknown amount of phloem sap released into the
ollecting solution, the successful application of this technique was
emonstrated for detection of PSTVd in concentrated phloem exu-
ates (Section 2.3), that was conﬁrmed by RT-PCR, sequencing and
outhern blot analyses (Figs. 5 and 6).
Although systemic movement of viroid RNA has long been
nown to take place through phloem cells (Zhu et al., 2001, 2002;
lores et al., 2005; Hull, 2004; Qi et al., 2004; Zhong et al., 2007;
ing, 2009), there was one report where PSTVd RNA has also been
etected in the xylem ring of potato tubers (Shamloul et al., 1997).
aking into account the technical limitations of the earlier study,
he question of viroid presence in the xylem sap of PSTVd- infected
ig. 6. Southern blot analysis of phloem exudates using a DIG-labeled PSTVd cDNA
robe. Lane 1: 15 l of PSTVd cDNA obtained after RT-PCR of phloem exudates of
STVd infected plant; “C” – 15 l of RT-PCR product obtained after RT-PCR of phloem
xudates of a healthy plant; “+” – 1 l of PSTVd cDNA obtained after RT-PCR of PSTVd
ranscript (positive control).ical Methods 198 (2014) 75–81 79
tomato plants was investigated. Analysis of GF was chosen because
guttation is a natural process and does not involve plant tissue
damage. RT-PCR analysis of GF revealed the absence of detectable
amounts of viroid RNA in collected xylem sap after 20-fold concen-
tration of the latter (Fig. 4).
Interestingly, the amount of GF produced on infected plants was
visually signiﬁcantly less than it was on healthy plants. Owens
and colleagues observed earlier that in viroid-infected plants the
ﬂow rate through the phloem tissue was  lower compared with
the ﬂow rate of uninfected control plants (unpublished data). It
has been reported that, among the various effects of viroid infec-
tion on plant architecture, changes in plant cellular structures
such as chloroplasts, paramural bodies (plasmalemmasome-like
structures) and the cell wall of mesophyll cells occurs (da Grac¸ a
and Martin, 1981; Momma  and Takahashi, 1983; Hull, 2004) as
well as structural alterations, also caused by virus infections, that
lead to phloem degeneration, gummosis and tylose development
in tracheary elements and other cells of the xylem (Esau, 1948,
1967; Girolami, 1955; Rasa and Esau, 1961). Also, it has been
observed that necrosis of the phloem tissue is more typical for
viruses that induce leaf curling than of those causing mottling
of leaves (mosaic viruses) (Esau, 1967). It is known that one of
the symptoms of PSTVd infection is induction of leaf curling.
Based on these observations, one might hypothesize that PSTVd
infection leads to pathogenic changes in phloem cells with a result-
ing physical decrease of the ﬂow rate through both phloem and
xylem tissues of viroid-infected plants. Alternatively, viroid infec-
tion can lead to alterations in the chemical composition of the
phloem sap, for instance, by induction of plant defense responses
to the infection. A resulting increase in ion and protein concen-
trations in the phloem sap may  result in the decrease of osmotic
potential of the latter, i.e. decrease of the relative tendency of
water to move from one area to another. In turn, low osmotic
potential in phloem tissues leads to low water potential in xylem
vessels. This explanation is based on the established physiochem-
ical relationships between xylem and phloem pathways, namely,
there is the spatial correspondence between low and high osmotic
potentials in the sieve tubes and low and high water poten-
tial in the xylem vessels, respectively (Zwieniecki et al., 2004;
Holbrook and Zwieniecki, 2005). Additional information about
radial exchange between xylem vessels and the surrounding tis-
sues, including phloem, can be found in the articles of Zimmermann
et al. (2012) and Metzner et al. (2010). In view of the above
reports, the reduced development of GF and the deceleration of
phloem exudation (Owens, unpublished data) in viroid-infected
plants could be the result of structural changes in vascular tissues
or physiochemical alterations between xylem and phloem sap or
both. Nevertheless, the reasons for xylem and phloem ﬂow rate
alterations, caused by pathogen infection, merit further investiga-
tion.
In conclusion, the modiﬁcation and successful application of the
EDTA-mediated exudation technique are reported for detection of
PSTVd in phloem exudates. The absence of PSTVd in GF provides
support to the theory that there is no PSTVd RNA in xylem ves-
sels of infected tomato plants. The results of this study suggest the
potential application of both EDTA-mediated exudation technique
and GF analysis as reliable methods for nucleic acid isolation and
pathogen detection exclusively in phloem or in xylem sap, respec-
tively.
AcknowledgementsWe acknowledge the technical assistance of Kimberly Tech
(Molecular Plant Pathology Laboratory, United States Department




































K0 N. Kovalskaya et al. / Journal of V
eferences
losi, M.C., Melroy, D.I., Park, R.B., 1988. The regulation of gelation of exudates from
Cucurbita by dilution, glutathione and glutathione reductase. Plant Physiol. 86,
1089–1094.
alachandran, S., Xiang, Y., Schobert, C., Thompson, G.A., Lucas, W.J., 1997. Phloem
sap proteins from Cucurbita maxima and Ricinus communis have the capacity
to  trafﬁc cell to cell through plasmodesmata. Proc. Natl. Acad. Sci. U.S.A. 94,
14150–14155.
arlow, C.A., McCully, M.E., 1972. The ruby laser as an instrument for cutting the
stylets of feeding aphids. Can. J. Zool. 50, 1497–1498.
ostwick, D.E., Dannenhoffer, J.M., Skaggs, M.I., Lister, R.M., Larkins, B.A., Thompson,
G.A., 1992. Pumpkin phloem lectin genes are speciﬁcally expressed in compar-
ison cells. Plant Cell 4, 1539–1548.
akmak, I., Hengler, C., Marchner, H., 1994. Changes in phloem export of sucrose in
leaves in response to phosphorus, potassium and magnesium deﬁciency in bean
plants. J. Exp. Bot. 45, 1251–1257.
a Grac¸ a, J.V., Martin, M.M.,  1981. Ultrastructural changes in avocado leaf tissue
infected with avocado sunblotch. Phytopathol. Z. 102, 185–194.
iener, T.O., 1971. Potato spindle tuber “virus”. IV. Replicating, low molecular weight
RN. Virology 45, 411–428.
inant, S., Bonnemain, J.-L., Girousse, C., Kehr, J., 2010. Phloem sap intricacy and
interplay with aphid feeding. C. R. Biol. 333, 504–515.
ing, B., 2009. The biology of viroid–host interactions. Annu. Rev. Phytopathol. 47,
105–131.
ing, B., Kwon, M.-O., Hammond, R., Owens, R., 1997. Cell-to-cell movement of
potato spindle tuber viroid. Plant J. 12, 931–936.
oering-Saad, C., Newbury, H.J., Bale, J.S., Pritchard, J., 2002. Use of aphid stylectomy
and  RT-PCR for the detection of transporter mRNAs in sieve elements. J. Exp. Bot.
53,  631–637.
sau, K., 1948. Anatomic effects of the viruses of Pierce’s disease and phony peach.
Hilgardia 18, 423–482.
sau, K., 1965. Plant Anatomy, second ed. Wiley, New York, pp. 315.
sau, K., 1967. Anatomy of plant virus infections. Annu. Rev. Phytopathol. 5,
45–74.
sseili, M.A., Wang, Q., Zhang, Z., Saif, L.J., 2012. Internalization of sapovirus, a sur-
rogate for norovirus, in romaine lettuce and the effect of lettuce latex on virus
infectivity. Appl. Environ. Microbiol. 78, 6271–6279.
eldstein, P.A., Hu, Y., Owens, R.A., 1998. Precisely full length, circularizable, comple-
mentary RNA: an infectious form of potato spindle tuber viroid. Proc. Natl. Acad.
Sci.  U.S.A. 95, 6560–6565.
lores, R., Hernández, C., de Alba, A.E.M., Darós, J.-A., Di Serio, F., 2005. Viroids and
viroid–host interactions. Annu. Rev. Phytopathol. 43, 117–139.
ulton, P., Gergerich, R.C., Scott, H.A., 1987. Beetle transmission of plant viruses.
Annu. Rev. Phytopathol. 25, 111–123.
aupels, F., Knauer, T., van Bel, A.J.E., 2008. A combinatory approach for analysis of
protein sets in barley sieve-tube samples using EDTA-facilitated exudation and
aphid stylectomy. J. Plant Physiol. 165, 95–103.
ergerich, R.C., Scott, H.A., 1988. Evidence that virus transmission and virus infec-
tion of non-wounded cells are associated with transmissibility by leaf-feeding
beetles. J. Gen. Virol. 69, 2935–2938.
essler, A., Rennenberg, H., Keitel, C., 2004. Stable isotope composition of organic
compounds transported in the phloem of European beech: evaluation of
different methods of phloem sap collection and assessment of gradients
in carbon isotope composition during leaf-to-stem transport. Plant Biol. 6,
721–729.
irolami, G., 1955. Comparative anatomical effects of the curly-top and aster-
yellows viruses on the ﬂax plant. Botan. Gazz. 116, 305–322.
irousse, C., Bournoville, R., 1994. Role of phloem sap quality and exudation char-
acteristics on performance of pea aphid grown on lucerne genotypes. Entomol.
Exp. Appl. 70, 227–235.
irousse, C., Bonnemain, J.L., Delrot, S., Bournoville, R., 1991. Sugar and amino acid
composition of phloem sap of Medicago sativa:  a comparative study of two
collecting methods. Plant Physiol. Biochem. 29, 41–48.
ross, H.J., Domdey, H., Lossow, C., Jank, P., Raba, M.,  Alberty, H., Sänger, H.L., 1978.
Nucleotide sequence and secondary structure of potato spindle tuber viroid.
Nature 273, 203–208.
ammond, R.W., Owens, R.A., 2006. Viroids: new and continuing risk for
horticultural and agricultural crops. APSnet, www.apsnet.org/publications/
apsnetfeatures/Pages/Viroids.aspx
olbrook, N.M., Zwieniecki, M.A., 2005. Vascular Transport in Plants. Elsevier, Aca-
demic Press, San Diego, pp. 564.
ull, R., 2004. Matthews’ Plant Virology, fourth ed. Elsevier, Academic Press, San
Diego, pp. 1001.
eschke, W.D., Klagges, S., Bhatti, A.S., 1995. Collection and composition of xylem
sap and root structure in two  halophytic species. Plant Soil 172, 97–106.
awabe, S., Fukumorita, T., Chino, M.,  1980. Collection of rice phloem sap from stylets
of  homopterous insects severed by YAG laser. Plant Cell Physiol. 21, 1319–1327.
ehr, J., Buhtz, A., Giavalisco, P., 2005. Analysis of xylem sap proteins from Brassica
napus.  BMC  Plant Biol. 5, 11.
ennedy, J.S., Mittler, T.E., 1953. A method of obtaining phloem sap via the mouth-
parts of aphids. Nature 171, 528.
ing, R.W., Zeevaart, J.A.D., 1974. Enhancement of phloem exudation from cut peti-
oles by chelating agents. Plant Physiol. 53, 96–103.ical Methods 198 (2014) 75–81
Laulhere, J.-P., Rozier, C., 1976. One step extraction of plant nucleic acids. Plant Sci.
Lett.  6, 237–242.
Liang, J., Zhang, J., 1997. Collection of xylem sap at ﬂow rate similar to in vivo
transpiration ﬂux. Plant Cell Physiol. 38, 1375–1381.
Madey, E., Nowack, L., Thompson, J., 2002. Isolation and characterization of lipid in
phloem sap of canola. Planta 214, 625–634.
Malandraki, I., Papachristopoulou, M.,  Vassilakos, N., 2010. First report of Potato
spindle tuber viroid (PSTVd) in ornamental plants in Greece. New Dis. Reports
21,  9.
Matousek, J., Orctova, L., Ptacek, J., Patzak, J., Dedic, P., Steger, G., Riesner, D., 2007.
Experimental transmission of pospiviroid populations to weed species charac-
teristic of potato and hop ﬁelds. J. Virol. 81, 11891–11899.
Merchant, A., Peuke, A.D., Keitel, C., Macfarlane, C., Warren, C.R., Adams, M.A., 2010.
Phloem sap and leaf 13C, carbohydrates, and amino acid concentrations in
Eucalyptus globules change systemically according to ﬂooding and water deﬁcit
treatment. J. Exp. Bot. 61, 1785–1793.
Merritt, S.Z., 1996. Within-plant variation in concentrations of amino acids, sugar,
and sinigrin in phloem sap of black mustard, Brassica nigra (L.) Koch. J. Chem.
Ecol. 22, 1133–1145.
Metzner, R., Schneider, H.U., Breuer, U., Thorpe, M.R., Schurr, U., Schroeder, W.H.,
2010. Tracing cationic nutrients from xylem into stem tissue of French bean by
stable isotope tracer and cryo-secondary ion mass spectrometry. Plant Physiol.
152, 1030–1043.
Momma,  T., Takahashi, T., 1983. Cytopathology of shoot apical meristem of hop
plants infected with hop stunt viroid. Phytopathol. Z. 106, 272–280.
Moreno, M., Thompson, J.R., García-Arenal, F., 2004. Analysis of the systemic colo-
nization of cucumber plants by Cucumber green mottle mosaic virus. J. Gen. Virol.
85, 749–759.
Netting, A.G., Theobald, J.C., Dodd, I.C., 2012. Xylem sap collection and extraction
methodologies to determine in vivo concentrations of ABA and its bound forms
by  gas chromatography–mass spectrometry (GC–MS). Plant Methods 8, 11.
Oparka, K.J., Santa Cruz, S., 2000. The great escape: phloem transport and unloading
of  macromolecules. Annu. Rev. Physiol. 51, 323–347.
Owens, R.A., Blackburn, M.,  Ding, B., 2001. Possible involvement of the phloem lectin
in  long-distance viroid movement. Mol. Plant-Microbe Interact. 14, 905–909.
Palukaitis, P., 1987. Potato spindle tuber viroid: investigation of the long-distance,
intra-plant transport route. Virology 158, 239–241.
Pate, J.S., Peoples, M.B., Atkins, C.A., 1984. Spontaneous phloem bleeding from cry-
opunctured fruits of a ureide-producing legume. Plant Physiol. 74, 499–505.
Pérez-Alfocea, F., Balibrea, M.E., Alcón, J.J., Bolarín, M.C., 2000. Composition of xylem
and phloem exudates in relation to the salt-tolerance of domestic and wild
tomato species. J. Plant Physiol. 156, 367–374.
Podleckis, E.V., Hammond, R.W., Hurtt, S.S., Hadidi, A., 1993. Chemiluminescent
detection of potato and pome fruit viroids by digoxigenin-labeled dot blot and
tissue blot hybridization. J. Virol. Methods 43, 147–158.
Pritchard, J., 1996. Aphid stylectomy reveals an osmotic step between sieve tube
and cortical cells in barley roots. J. Exp. Bot. 47, 1519–1524.
Qi, Y., Pelissier, T., Itaya, A., Hunt, E., Wassenegger, M.,  Ding, B., 2004. Direct role
of  a viroid RNA motif in mediating directional RNA trafﬁcking across a speciﬁc
cellular boundary. Plant Cell 16, 1741–1752.
Rasa, E.A., Esau, K., 1961. Anatomic effects of curly top and aster yellows viruses on
tomato. Hilgardia 30, 469–515.
Schneider, H., Wistuba, N., Miller, B., Gebner, P., Thurmer, F., Melcher, P., Meinzer,
F.,  Zimmermann, U., 1997. Diurnal variation of radial reﬂection coefﬁcient of
intact maize roots determined with the xylem pressure probe. J. Exp. Bot. 48,
2045–2053.
Schurr, U., 1998. Xylem sap sampling – new approaches to an old topic. Cell 3,
293–298.
Seel, W.E., Jeschke, W.D., 1999. Simultaneous collection of xylem sap from
Rhinanthus minor and the hosts Hordeum and Trifolium: hydraulic proper-
ties, xylem sap composition and effects of attachment. New Phytol. 143,
281–298.
Shamloul, A.M., Hadidi, A., Zhu, S.F., Singh, R.P., Sagredo, B., 1997. Sensitive detection
of  potato spindle tuber viroid using RT-PCR and identiﬁcation of a viroid variant
naturally infecting pepino plants. Can. J. Plant Pathol. 19, 89–96.
Subramanian, S., Cho, U.-H., Keyes, C., Yu, O., 2009. Distinct changes in soybean xylem
sap proteome in response to pathogenic and symbiotic microbe interactions.
BMC  Plant Biol. 9, 119.
Tjallingii, W.F., 2006. Salivary secretions by aphids interacting with proteins of
phloem wound responses. J. Exp. Bot. 57, 739–745.
Turgeon, R., Oparka, K., 2010. The secret phloem of pumpkins. Proc. Natl. Acad. Sci.
U.S.A. 107, 13201–13202.
Turgeon, R., Wolf, S., 2009. Phloem transport: cellular pathways and molecular traf-
ﬁcking. Annu. Rev. Plant Biol. 60, 207–221.
Unwin, D.M., 1978. A versatile high frequency radio microcautery. Physiol. Entomol.
3,  71–73.
Vachev, T., Ivanova, D., Minkov, I., Tsagris, M.,  Gozmanova, M.,  2010. Trafﬁcking of
the Potato spindle tuber viroid between tomato and Orobanche ramose. Virology
399, 187–193.
Valle, E.M., Boggio, S.B., Heldt, H.W., 1998. Free amino acid composition of phloem
sap  and growing fruit of Lycopersicon esculentum. Plant Cell Physiol. 39, 458–461.
Verchot, J., Driskel, B.A., Zhll, Y., Hunger, R.M., Littleﬁeld, L.J., 2001. Evidence that
soilborne wheat mosaic virus moves long distance through the xylem in wheat.
Protoplasma 218, 57–66.
Verhoeven, J.T., Jansen, C.C., Willemen, T.M., Kox, L.F., Owens, R.A., Roenhorst, J.W.,






Plant Cell Environ., http://dx.doi.org/10.1111/j.1365-3040.2012.02571.x.
Zwieniecki, M.A., Melcher, P.J., Field, T.S., Holbrook, N.M., 2004. A potential
role for xylem–phloem interactions in the hydraulic architecture of trees:N. Kovalskaya et al. / Journal of V
viroid, Potato spindle tuber viroid and Tomato chlorotiic dwarf viroid. Eur. J. Plant
Pathol. 110, 823–831.
eibull, J., Ronquist, F., Brishammar, S., 1990. Free amino acid composition of leaf
exudates and phloem sap. A comparative study in oats and barley. Plant Physiol.
92, 222–226.
hang, B., Tolstikov, V., Turnbull, C., Hicks, L.M., Fiehn, O., 2010. Divergent
metabolome and proteome suggest functional independence of dual phloem
transport systems in cucurbits. Proc. Natl. Acad. Sci. U.S.A. 107, 13532–13537.hong, X., Tao, X., Stombaugh, J., Leontis, N., Ding, B., 2007. Tertiary structure and
function of an RNA motif required for plant vascular entry to initiate systemic
trafﬁcking. EMBO J. 26, 3836–3846.
hu, Y., Green, L., Woo, Y.-M., Owens, R., Ding, B., 2001. Cellular basis of potato
spindle tuber viroid systemic movement. Virology 279, 69–77.ical Methods 198 (2014) 75–81 81
Zhu, Y., Qi, Y., Xun, Y., Owens, R., Ding, B., 2002. Movement of potato spindle tuber
viroid reveals regulatory points of phloem-mediated RNA trafﬁc. Plant Physiol.
130, 138–146.
Zimmermann, M.R., Hafke, J.B., Van Bel, A.J.E., Furch, A.C.U., 2012. Interaction of
xylem and phloem during exudation and wound occlusion in Cucurbita maxima.effects of phloem girdling on xylem hydraulic conductance. Tree Physiol. 24,
911–917.
